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SUMMARY

This report presants the results of a fixed level of input, best effort program
conducted to develop precigion forging techniques for spiral bevel gears with
integral teeth forged to pre-grind tolerances by the high-velocity, pneumatic-
mechanical forging method. At the successiul completion of the primary objec~
tive, additional objectives were to demonsirats the strength characteristics and
economic advantages to be derived from the process.

A spiral bevel gear and pinion set, which was currently in production for the
LOH helicopter main power transmission, was selecfed for the development
effort. Forging dies were designed and manufactured in accordance withproven
state-of-art high velocity design criteria and manufacturing practices. Elec-
trode geometry includsd dimensional sliowances {for forging heat st -° “age and
EDM finishing of the die cavity.

Developmontal forging runs were made fo establish suitable combinations of
forging conditions, including temperature, firing pressure, stroke height and
billet size for the gear and pinion forging. In conjunction with the procedure

de ~elopment, inspection of the devslopmental forgings and dies were conducted.

Initial results-from the deveiopment phase demonstrated that the spiral hevel
gear geometry could be produced by the high velocity ciosed die forging method,
but the dies were aub;ect to premature failure due to upsetting of the die mate~-
rial causing deformation of the- -apiral bevel'tooth form. Die redesign znd fur-
ther development of the forging parameters proved to have a beneficial effect on
reducing the ennditions Gontributing to the die tosth deformation, however, sub-
sequent preproduction forging indicated progressive upsetting and berding of the
spiral bevel pinion tooth duo to high forging forces and the dimensional integrity
of the die cavity could not he maintained.

Metsllurgical examination of gectioned forgings and tooth segments indicated

that preferential grain flow wag imparted to the hub in a generally radial direc-

Hion intc-the tooth segments, with primary flow extending from toe to heei and

-denge-eocondary flow arsund the tooth root.

Dimensional inspection of the development forgings indicated that the "as-
forged' tooth-thickness tolerance was within & . 808", Thicimess of stock
renioved per tooth face by profile-grinding to obtain the required spiral bevel
geometry ranged from . 001" to , 037" from toe to heel. This condition far
excesdes tha objective of uhiformly rermoving a maximum of . 005" per tooth
fage. ‘Corrective action to the die was to be obtained by a nominal adjustment




to the EDM in-feed lead for re-finishing the die cavity geometry, however, the
gross forging deformation problem that was occurring, principally to a local-
fzed area of the die cavity, dictated the need for a die development program
before accomplishing the minor adjustment to the spiral bevel geometry.

The mandatory solution of the die deformation problem precluded the meaning-

ful completion of the balance of the program for the development of production
forging procedures, dies and forgings for limited fatigue test evaluation.
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FOREWORD

This technical repoxt covers the work performed by Western Gear Corporation's

Research Department under U.S. Army Coniract DAA J01-68-1446 (3G) from
January 1968 to April 1970,

The program was accomplished under the direction of Mr, D, Roger Smoak,
Project Engineer, U.S. Army Production Equipment Agency, Manufacturing
Technology Division, Rock Island, Ill.; and Mr. Robert Vollmer, U.S. Army
Aviation Systems Command, St. Louis, Missouri.

The program was performed by Western Gear's Research Department under the
general supervision of Mr, M, L. Headman, Director of Research and under the
direct supervision of Mr. W. T. Winter, Supervisor of Applied Mechanics.

Mr. M.R. Berger was the Prcject Engineer. Assisting in the project were
Research Engineers Mr, C.V. Iverson and Mr. H. Hui.

Sub-coniract forging, die design and manufacture were performed by Precision
Forge Company, Santa Monica, Califoraia under the supervisionof Mr. J. Rork,
Mr. M, Perry and Mr. V. Marlow., Other sub-contract support for die prep-
aration was provided by Sparkadyne, Inglewood, Caiifornia, Atlas Tool & Iiie
Company, Los Angeles, California, and Electri-Cal Machining Company, Los
Angeles, California, Gear machining was performed by Western Gear's
Precision Products Division, Lynwood, California.
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INTRODUCTION

Objectives

Requirements [or improved performance and increased production capabiiity of
helicopter main power transmission. equipped with spirai bevel gears are con-
tinually being made by the muitary services. Current practices for producing
aircraft quality sprial bevel gears require specialized gear cutting and grinding
from up-set forgings. Increasing quantities of spur and helical gears are cur-
rently being produced by precision forging the gear with integral teeth, impart-
ing a preferential grain flow in and around the tooth and root area and thereby
providing a hasis for improved fatigue life and performance. Additionally, the
process facilitates production by eliminating the gear cutting operation. In
order to realize these advantages in spiral bevel gears, a program was initiated
for the development of an alternate method for producing spiral bevel gears for
army helicopter transmissions. The sub-objectives of the program were to:

a. Determine that 3 spiral bevel gear configuration can bé produced by
the high-velocity, pneumatic~-mechanical closed die forging method
with preferential forgiag flow being imparted to the footir elements,

b. Develop die design, fabrication methods and forging procedures for
- forging'spiral bevel goars to pregrind tooth:thickness within # 0. 005"
and tooth-to-tooth spacing errors within + 0, 0015",

c. Conduct an economic evaluation and feasibility study of the forging
process and dies by performing a productmn forging run consisting

. -of-approximately 500 gear sets.

-d. Conduct fatigus tests to determine the relative resistance to {atigue
“failure between forged gears and conventional manufactured gears.

Program:Plan

The program was- 8eparated into the following four phases:

-PHARE I = Development Forging

This.phase was-to demonstirate that a spiral bevel gear can be forged and
removed:from a set of closed dies; to estabiish optimum forging conditions
and:to-define die design parameters fcr producing uniformly consistent
forgings:of acceptable tooth thickness and spacing tolerance.
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PHASE II - Preproduction Forging

The Preproduction Phase was to evaluate the development die design

and procedures on a small lot production basis (approximately 50 pleces)
specificaily fom

2, Dstermination of trends in reproducibility and die life;

b. Evaluation of (ooling compatibility for production runs;

e b St
PR TR EN R L7 Lt

¢, Establishing production run procedures;

weddial

d. Providing forged gears ior limiled fatigue teeting.

PHASE I - Product&on Forging - » :

To demonstrate produciion ospability, reproducibility and economic
evalnatior fron: Jorging 500 gear sets.

PﬁASE V- .Limited Fatig‘xe Tesﬁng

-3

"i‘o determine tne relative “resistarce-to xattgue failure of forged: gaarn
versus conveational manufac. n‘edfgears.

¥rogram: ’é‘ucmms

The pﬂncipal equipmen: fncilities: thaz were: uﬁlszed#on tha,procram are-shown
in Figures ! through &, &li fcrged development was performea with the illus-
tratad:high-veloeity, pnenmatic-mechanical forging machiiie. which- oparates on
high pressure.gas-tc drive:the rém at: -apoede:u:.t0:1200 in:: /sec.. The: machine
is designed to feadbeck the reaction force into its own: atructure so that little
force ia imparted:to the foundstion, ‘With proper die and billet design’ and ‘close
regulation of gas iirlng pressure, ram-height: and billet temperature, mont of
the eniergy is abeorbud in:the'defoymation of the: fergeé part;: ‘Cloze control of
these variables makes the process hiphly ropeatable; thus. permittlng close
tolerance forging. In conventional production:of: apirnl bevel‘gurmx. tho tooth’

s

, profﬂos ate cut cn a Gleason Hypoid: Genarator ans finished to-size-on a

Gleassn Hypoid Grinder, Yor:the:purposss of this: Program;; ‘the: geneutor WRE
used:to.cut the-elactroda:teeth:for die:manufacture: Fiﬁiehing and tock -
removl-evaluations of: the: ‘precidton: forged genring wu;accompnsheg‘gmgtha

Glesson Hypoid Grinder: - The-Gleason:Bevel: Gear:Blank:Chécker: andUntvern,,~
Tester wore used for ir gpection eveluation purposes.

: M
#
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Ficure 2,

Gleason No. 26 Hypoid Generator

IFizure -1, Gleason No, 13
Universal Tester

Figure 3. Gleason No, 15
Bevel Gear Blank Checker

Figure 3. Gleason No., 27
Hypoid Grinder



2l 5

PG

e

4

o8 b [ e T imans 4 2% o

T —

Py

4

g
3
4
%
3
X!
!
]

y”(‘-: 38 sl

s 1ot
&

TRV

PHASE I - DEVELOPMENT FORGING

Torging Diss

The spiral bevel gear set that was selected for this program was the high speed
reduction set used in the main pow. - transmission unit for the OH-6A Army
"Cayuge' helicopter (Figure 8). The transmission was designed and produced
by Wesiern Gear Corporation. The geat set consisted of a shank type, 15 icoth
spiral bevel gear pinion and a 44 tooth mating gear as shown and described in
Appendix I,

The 44 tooth spiral bevel gear was selected for initial development of the die and
forging procedures in preference to the pinion for the follewing reasons:

a. It offered a better degree of forgeability due to a larger mass with
less heat loge effects,

b, It presented less difficuity in sinking the spiral bevel tooth form
into the die cavity due to a larger cone angle than that of the pinion,

c. It provided larger over-all dimensions for verification of calculated
heat shrink frctor.

Die Design

Ths basic forging conceyt ueed for both the gear and pinion was to develop the
finished part in three forging steps. Starting with bar stock billets, a preform

-(up~set) wus forged in closed dies fo produce an approximate shape of the gear

hody. This was foliowed by a blocking operation to develop the tooth segments
nearly to finish size. The third step forged the gear to final size. The forging
sequence, configurations and corresponding die arrangements that were
designed and used for the development of the pinion and gear forgings are illus-
trated in Figures 7 and 8, The method for removing the pinion forging from the

-die waa to unwind the part from the spiral bevel cavity by applying a twisting
‘force to the shank (long shank end of forging). In order to apply this same

method to the gear, it was necessary to include a stub shaft (2-1/2" diameter
x 1-1/2" long) to the heel end of the forging.
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Die Material_

Die materials selected and used for the fabrication of the various die sets are
shown in Table I, Selection was pradicated on results and experience obtained
by Precision Forge Company and Western Gear Corporation from prior high
velocity forging development and production work with spur gears and similar
confignrations., The objective of the selection was to obtain sufficient strength
and wear properties without sacrificing toughness. 1In consideraticn of the pro-
truding spiral bevel tooth segments that would obiigquely sbstruct metal flow and
be subjected tc high impact forces, the selection favored higher toughness,
rather than strength and wear resistance.

A .‘é
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Die Manufacture

Die sets were manufactured by machining finish heat treated die blocks to the
required internal and exiernal finish dimensions, except for the spiral bevel
tocth portion of the die cavity, The finish tooth geometry was preduced in the
die cavity by electrical discharge machining (EDM) with brass electrodes shown
in Figure 9, The electrode spiral bevel teeth were cut on a Gleason Hypoid

; Generator, in the same mamner as regular production gears and pinions except
” that a slightly modified cutting schedule was used. The modification provided
5 . for a dimensional allowance to the generated tooth geometry for the forging heat

shrink effects (0. 0125"/") and EDM spark gap clearance (0. 002" per surface).
From gn analysis that was conducted to determine the shrink characteristics of
forged spiral bevel gears (Appendix II) it was determined that:

a. The displacement of any point in an elastic body subjected to
temperature change is proportional to its position, i.e,, linear
expansion is proportional to its linear dimension,

. b, Spiral angle does not change due to expansion.

¢. In reference to the gear axis, the radial expansion of the surface
of the gear tooth is proportional to its distance from the axis.

The elecirode designs are given in Appendix I,

The EDM in-feed guide system for providing and controlling the correct amount
of rotational movement to the electrode in conjunction with the linear in-feed
was accompiished by means of a helix slotted sleeve and pin arrangement, as
shown in Figure 10. The slot helix was based on an averaged cylindrical lead
of the respective pinion or gear tooth profile surfaces. The EDM procedure




Table 1
Die Muterials

Die Sets

Gear

Pinion

Preform - Punch

Durodi, Temper 1
12"@x12"; Rc42-46

Durodi, Temper I
12"¢x12"; R,42-46

Preform - Do

Durodi, Temper I
12"@x12": Rc42-46

Durodi, Temper I
12"'¢x12"; Rc42-46

Block - Punch

Durodi, Temper 1
12"9x12"; Rc42-46

Durodi, Temper I
12"¢gx12"; Rc42-46

Block - Die

Durodi, Temper 1
20"'@gx18"; Rc42-46

Durodi, Temper I
12''¢x12"; Rc42-46

Finish - Punch

Durodi, Temper 1
12""¢gx12'"; Rc42-46

Durodi, Temper I
12"¢x12"; Rc42-46

Finish - Die AIST Type H-11 Durodi, Temper I
20"@#x18"; Rc42-46 12"¥x12'"; Rc42-46
2nd Gie:

Durodi, Temper I
AISI Type H-11 Durodi
Check Check
Nominal Analysis Nominal Analysis
C .35 .37 .55 .54
Mn .21 . 60 .56
S ., 026 . 023
Si .99 . 85 .73
Ni 1.55 1.66
Cr 5.00 5.03 1.00 .90
v . 40 .37
Mo 1.50 1.26 . 80 .69
Cu .11 .15
P . 024 . 004
Handness Rc 42-44 42-44

10
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Figure 10. EDM Finishing of Pinion Die Cavity
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used to finish the block and finish die cavities was to complete the finish die
first with six new electrodes and then process the block die with the worn elec-
trodes whick provided a desired under-size tontk form for the blocking opera-
tion. When changing from a used electrode to « - ew electrode, provision was
made to properly time the new electrade into the cavity.

Dimensional checks were performed before the dies (Figures 11 and 12) were
removed from the EDM set-up, and Cerroc giloy caste with shaft ingerts posi-
tioned by the EDM electrcde holder were made. These casts provided a means
for inspection of the die tooth geometry cn the Gleason Bevel Gear Blank
Checker, which otherwisz could not be inspected prior to producing a forging.
The die casts also served as a forging die reference for determining die
degradation.

Forging Material

The forging stock used for the program was AMS €265 (consumable electrode
vacuum remeli AISI 9310), a commonly used aircraft quality carburizing grade
gear material. In addition, a small quantity of AISI 1018 was used during the
forging development phase as a supplementary magterial to facilitate the macro
evaluation of the forging flow characteristics. A total quantity of 21, 500 pounds
of 1-3/4" and 4" diameter mill length bars were chiained of which 15, 150
pounds were irom a gingle heat of steel in both bar sizes. Gears for limited
fatigue testing (precision forged sets and conventional manufactured sets) were
to be obtained from this single heat lot of material,

The forging material specification requirements, certification and check analy-
sis results are shown in Table II,

13
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Table O

Specified and Test Properties of Forging Materials

Mill Check
AMS Cert, Anal.
Properties 6265 Ht., #52916 Ht. #52916
Chemical:
C L07-,03 .11 .10
Mn .40-.70 .61 .63
P . 025 max 007 .011
5 . 025 max . 005 . 010
Si .20-.35 .31 .23
Cr 1.00-1.40 1.33 1.35
Ni 3.00-3.50 3.27 3.27
Mo .08-.15 .15 .16
Grain Size: 5 or finer; Avg, 7 5-17
few to 3
ASTM E45
Micro-
Cleanliness:
A-~thin 2.0 max <1.0 0
A-heavy 1.0 max 0 0
B-thin 1.5 max 0 0
B-heavy 1.0 max 0 0
C-thin 1.5 max 0 <1.0
C-heavy 1.0 max 0 0
D-thin 1.5 max 0.5-1.0 0
D-heavy 1.0 max 0 0

18




FORGING PROCEDURE DEVELOPMENT

Spiral Bevel Gear Forging

Initially, a five piece trial iot of gear biiets were used to obtain "a feel" for
the forging characteristics and respunse to the pref:rming, bi.cking andfinish-
ing operations. This was conducted in a very counservative type of trial-and-
error approach regarding the furging parameters used, i.e., high forging
temperature, low firing pressure, short punch strokes and multiple hits, so
as to avoid possible forge conditicns that might resuit in accidental die break-
age. The first 15t of high veiocity forge produced spira: bevel gears with
integral forged teeth, resulting from this effort, ie shown in Figure 13, The
information obtained, provided a basis for initiating the develupment and
refinement phase of the gear forging procedures. The forging parameters,
conditions and notations of this effort are tabulated in Table Ifi,

The foilowing supplemental procedures were utilized in conjunction with the
forge development pregram:

a. All billets were prepared from hot relled bars by abrasive saw
cut to the required length, deburred and abrasive cleaned
(Wheelabrator). ’

b. Forging parts were heated in a temperature controlled, gas fired,
conventional type furnace, with the combustion adjusted to provide
a gas rich, reducing atmosphere.

¢, Intermediate forged parts were abrasive cleaned and magnaflux
inspected.

d. Forged parts were free-air couvled after removal from dies.

e. Die sets were pre-heated to 200° /300°F.

f. Forzed parts were serialized by ot and piece number.
Preform forge conditions for reducing the 4" diameter x 5" long gear billets to
the preform shape were readily established at the foliowing conditions: 2050°F
forge temperature; two hits: First at 1900 psi fi:ing pressure and 23" stroke
and second hit at 950 pai firing pressure and 12" stroke. Satisfactory block

forging conditions.were derived without extensive development at the following
conditions: 2100°F forging temperature, one hit at 1580 psi and 22" stroke.
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The may 'r prtion o the gear trrgng aes <) spment effo-t invotved the 1:nush
forging pr cess for estabashing sutab.- 1.:ging & nditi ns to p~.duce com-
pietely fuled t rgings repeatediy ana with -ut sustaining se:-mdary damage t. the
forged tooth elements by b unc.-  + ejectt n pricedures,

The t »9th sectivns f the tirst t six patts processed th:. ugh the fez.nd {inish
forge development rur, were « mpet -y ased «ith pc hit at 317°3°F; 12)) psi
firing pressure ang i2" stroke. Incomplete t xth sect:orn f1iung was encountered
with the next four preces. Muitip.e 7+ heatls, hits and incremental wereases to
the forging I »: e were nocessa:v t5 ¢ mplete the t- th sestion ful. The sixth
piece was f_rush rorged satistacter iy with ne at at 1775 F, 14)9 psi and 6"
stroke. Detan. atmensiina and gimnd inspection .1 three fo:gings 1oom this
group ,2-2, 2-4, 2-6" wire performed and the Tesuts ar2 presented in Secticn 4.

A high percentage of tosth damage was experienced, due to beuns.: and chp,
After the forging punch :mpacts the work piece, it will bounce several times
before arresting. During this intetval, if the forged gear is dislodged and
becomes cross threaded in the die cavity, the returning impact by the punch wiil
result in gross damage to the forged tooth secticn, otherwise known as "'chop-
ping". Evidence of locas deformation to the ends of the die tosth elements at the
parting face were noted in the fore part of the forging run. This conditiun con-
tinued to progress rapidly to the point where the feathered end surface of the
tooth element had bent inwardly to cause a locked thread effect on the forged
spiral teeth at the hee! end of the gear, thus making ejection difficult and caus-
ing face damage to a portion of the convex profile of the forged teeth upon
removal from tke die. This condition was temporarily climinated by a . 030"
facing cut and chamfering the feather edge of the die tooth elements on the con-
cave profile side. The results of the finish forging development run indicated
that the combination of forging conditions to be margiral for consistently pro-
viding tooth section filling and for that reason a higher set of forge conditions
(2000°F, 18C0 psi firing pressure and 18" stroke} were selected for try-out,
These conditions proved to be excessive as evidenced by complete longitudinal
fracture of the die body.

Durodi, Temper I (R;42-46} was used f~r the replacement gear-finishing die.
Preparation was in the samc manner as used for the original die except a cor-
rective revision was made to the EDM in-feed gude helix in accordance with
inspection information from the original gear forgings, The feathered edges i
the die toota forms at the parting face were chamfered.

Upon completion of the replacement die, the gear finish forging development was
resumed, employing relatively conservative - rge cunditions which were gradu-
ally adjusted to the final conditivon of 1950° F, 1600 psi firing pressure and

ke abr S A 7o

wwsts 2




PR
RS R (SRR IR ;@M 4

6" stroke. Principal { rging ditf.cuities enc. untered were taconsistent tooth
section filling at the tue end, part bounce and chop damaged teeth, Also, pro-
gressive def yrmatiun occurrsd tu the die tooth segment adjacent to the parting
face (Figure 14', A typicat —xampir f the bardware from biilet to finish forg-
1og resulting from the gear development forging etfort, is illustrated in

Figure 15.

Spiral Bevel Pinion Forging

The 1nitial twenty piece deve.opmenta fHeging run of the shank shaft spiras
bevel pinion reswited 1n gr 88 damauge to both the btock and finish dies. The
type and lscation was the same as that which occurred in the 44 tooth gear dies.
The deformation was greater 1n magmtude and developed earlier. Several teeth
had segments broken off, The damaged block die 18 shown in Figure 18,

Rework of the dies inccrporated a ¢ orrective redesign that provided a 45°
chamfered collar to the die tooth scqgment and the addition of a flash gutter as
shown in Figure 17, Foli.w-on development and preproduction forging runs
demonstrated that the revised design provided a major beneficial effect in pro-
longing the die life, but did not eliminate the basic problem.

In continuing the pinion forging development, three series of forging runs were
made in lot sizes of ten to twenty pieces for estavlishing suitable combination
of billet and preform sizes, preform shape and forging parameters for the pre-
form, block and firush operations, and are described in Table IV. Series of
adjustments to the pinicn preform shape were necessary to provide for an
improved preferential grain flow in the biock forging and complete tooth section
fill, The preform shape evolution is shown in Figure 18,

During the various phases cf the forge development, rou ine macr2-
examinations were made for forging fiow characteristics and for detection of
forging defects. In addition to making trial checks un AMS 6265 forged mate-

rial, samples of AISI 1018 were included to facilitate the macro etch develop-
ment of the forging flow “nes.
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Figure 18. Progressive Development of Pinion
Preform Forging
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PIHASE II - PREPRODUCTION FORGING

Pinion Preproduction Forging

A preproduction lot of sixty-three spiral bevel pinions were forged hy the
procedures cstablished by the development effort and wiwu additional refine-
ments as required. Description of the forging conditions and other pertinent

information is presented in Table V. Examples of the preproduction forged
B hardware, from billet to finish forging are illustrated in Figure 19.

Figure 19, High Velocity Forge Staging Sequc..ce Used For The Spiral Bevel Pinion
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RESULTS AND DISCUSSION

Inspection and Evaluation of Forged Gears and Pinions

In conjunction with the forging proceas development, standard gear inspections
and grind stock removal evaluations were performed on sample forgings to
obtain data for checking the followir.z characteristica:

a. Accuracy of the EDM method for generating a spiral bevel gear die
cavity from a known gear electrode geometry;

b, Allowances made for shrinkage and EDM spark gap;
¢. Tooth thickness variation resulting from the forging nrocess;

d. Variation of stock removal along the convex and cuncave profile
surfaces of the gear teeth during the final grinding operation,

In order tc perform the inspection operations, it was necessary to machine the
forging so that it could be fixtured in one or more of ihe inspection facilities.
In machining the forging, it was chucked in a spindie and indicated for run-~-out
on the front face of the ccne and on the ouiside diameter of the gear. Centers
were then established and the flash was removed. The forgings were bored
and machined to correct blank geometry.

A condensatien of pertinent gear and pinion inspection data is provided in
Tables VI to IX, The following processed data from Table VI shcws that good
correlation was ohtained {or the shrirk allowance factor of . £125" /" used in
design of the EDM electrodes and die cavity,

Zlectrode Spark gap Die cavity rS};rink (Forging
avg. dia. | + | allowance = { dia. - | allowance = | dia.
3 n /e
(.002"/side) | | | |oazenm) L J
8,2568" + . 004" =  8,262" - 8,262"x 0126 = 8, 3537
Avg. dia. of forging by inspection = 8,159

The dizmeter of the Cerrc allcy proof cast (8. 264") provided & ciose check
within inspection accuracy, with the above celculatad die damater {8, 262").
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Tsble VI
Spiral Bevel Gear Measurement Data
(A) ‘Inches) (B} (Inches) (C) (Inches) '
Outside Diameter Axial Length From
Pogition & Intersection of Axial Length From Flange to Tos Hub
Location Heel & Flange Flange to Toe Face End
Brass Electrode #9 Used to Finiash Replacement Die |
1-3 8.258 (1) 1.325 (1) 2.228
(2) 1.324 {2) 2.226
2--4 8.259 (3) 1.324 (3) 2.225
(4) 1.328 (4) 2.227
Avg. 8,258 Avg, 1.324 Avg. 2.226
Casting From Replacement Finishing Die
1-3 8. 264 (1) 2.216
(2) 1.325 (2) 2.231
2-4 8.263 (3) 2.233
(4} 2.228
Avg, 8.2863 Avg. 1,325 Avg. 2,227
Finish Forged Gear #4-36 From Replacement Cie
1-3 8.161 (1) 1.314 (1) 2.221
(2) 1.299 (2) 2.206
2-4 8.157 (3) 1.316 (3) 2.226
(4) 1.310 (4) 2.221
Avg, 8.159 Avg. 1.310 Avg., 2,218
1
/"‘ POSITION ALL DIMENSIONS
a @ 2 LOCATINN ! IN INCHES
3
, ]
2
nsn [ W /l/
llct' . /
L |
l
b “A" DIA, o
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Table VII
Gear Tooth Thickness Measurcments
Toe (Inches) l Center (Inches) Heel (Inches)
Add. Add, Add. Add. Add. Add.
Wentification , 060 L225 . 060 , 225 . 060 . 225
Frg. #2-2 . 148 . 250 . 148 . 256 . 145 . 254
. 151 . 254 .151 . 259 . 148 . 266
. 153 . 255 . 150 . 256 .148 , 253
148 | .25 | .47 | 255 | .148 | .251
Avg. . 150 , 252 ., 149 . 266 L1485 . 2b4
Variation . 005 . 005 . 004 . 004 . 005 . 005
Frg., #2-4 .152 . 254 . 153 . 258 . 149 ., 257
.151 . 254 . 148 . 257 . 145 ,251
. 148 . 252 . 144 . 255 . 143 . 253
. 147 . 251 . 147 , 256 . 147 . 257
Avg, . 150 . 253 . 148 . 256 .146 . 264
Variation . 005 .003 . 009 . 003 .006 . 006
Frg. #2-6 . 147 . 251 . 147 . 256 . 145 . 255
. 148 . 252 . 149 . 258 . 147 . 265
,162 . 266 .152 . 2569 .148 . 255
, 149 .2583 . 148 . 255 . 143 . 255
Avg. . 149 ,253 . 149 . 2567 , 148 . 255
Variation . 005 . 005 . 005 . 004 . 005 ., 000
Combined Range ., 147 . 250 .144 . 265 . 143 . 251
. 153 . 256 . 153 . 269 . 149 . 257
Combined Vari-
ation . 006 . 006 . 009 . 004 . 006 . 006
Nominal
Finished Gesr
Tooth Thickness . 124 . 230 . 125 . 232 .126 . 236

Above dats obtained from forging produced in originel finishing die (before
breakage).
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Table VI - contirued
Gear Tooth Thickness Measurements

-
RTRSL S B gt 4

o R

Toe (Inches) Center (Inches; Heel {Inches)
Add. Add. Add. Add. Add. Add.
Identificatinn . 069 . 225 .6y 225 . 069 . 225
; Electrode #9 .148 . 250 R EL) . 255 . 145 . 256
; (Used to finish .147 .249 150 . 254 .145 . 255
; die) .148 . 251 . 150 . 255 . 146 . 255
.17 . 250 . 149 , 255 . 146 . 256
Avg. . 148 . 250 . 150 . 255 .146 . 256
Variaticn .001 .002 . 001 . 001 . 001 . 001
Casting .157 . 262 .158 . 265 .159 . 268
{of die before . 180 .271 . 164 .271 .161 . 272
use) .160 . 268 . 164 . 272 .162 . 273
.158 . 259 . 160 . 274 .161 . 279
Avg, . 159 .288 . 162 . 279 .161 . 273
Variation .003 . 008 .006 . 009 .003 ,011
Frg. #4-13 . 164 266
L1682 265
. 153 . 264
. 160 . 264
Avg; . 161 . 265
Variation . 006 . 002
Frg. #4-26 .160 . 266
.162 . 264
. 161 . 262
. 159 . 262
Avg, . 160 . 264
’ Variation . 003 . 004
Frg. #4-36 .159 . 266 .161 . 270 161 . 259
.161 . 266 . 164 L272 .163 . 258
; .159 .266 . 169 . 268 .158 . 260
‘ .156 . 265 , 158 . 269 .159 . 265
‘ Avg. 5% | 266 | TieL | .270 | .160 | .260
Variation | -005 001 . 0U6 . 004 . 005 007

Above date is for the repiacement die,

45




Table VII
Pinion Tooth Thickness Measurements

1,187
From Toe
Toe (Inches) {Inches)
Addendum Addendum
Identification .195 . 195
Electrode .273 ., 277
272 . 278
212 _.218
Avg, 272 . 278
Variation .001 . 001
#1 Casling 277 . 283
(from finishing die 275 . 282
after EDM) . 276 . 283
Avg. L 276 . 283
Variation . 002 . 001
#2 Casting .275 . 281
(from finishing die 274 . 282
before use) 275 . 281
Avg. «275 . 281
Variation .01 . 001
Frg. #4-10 .280 . 284
{development frg.) 277 . 282
277 . 281
Avg. . 278 . 282
Variation . 003 . 003
Frg. #4-15 .275 . 280
{development frg. ) 277 .+ 281
Avg. <275 . 281
Variation . 004 . 003
#3 Casting 274 . 283
(finishing die after .274 . 282
forging 32 development) 874 . 284
frgs.)
Avg. .274 . 283
Variation . 060 . 002
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Table VIII - continued
Pinion Tooth Thickness Measurements

Up————— Y Rk ) #ﬁ?‘f{f

1187
From Toe
: Toe ilnches: {Inches,
Addendum Addendum
Identification . 195 . 195

5§ Z Preproduction Forgings
t Frg. #5-1 . 274 . 289
: 5-2 .273 . 281

5-4 . 274 . 283

5-7 274 . 282

5-9 274 . 282

5-10 274 . 281

5-11 271 . 281

\ 5-18 .273 .278
: 5-20 270 .28)
: Avg. . 273 . 281
; 5-26 .273 . 28)
, 5-29 271 . 280
} 5-30 .273 .277
: 5-35 . 279 . 277
' 5-39 2266 2280,
Avg, . 270 279

5-41 . 266 L2717

5-42 .269 , 279

5-44 .269 . 281

5-48 L272 .278

5-49 . 266 . 280

5-52 271 . 276

5-55 271 . 276

5-56 . 263 217

5-58 . 269 .279

5-59 . 267 . 277

: 5-6v =267 280
% Avg. . 263 L2738
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‘ Table VIII - continued i
O Pinion 100th Thickness Measurements

el 2

1,187
From Toe
3 Toe (Inches) (Inches)
. Addendum Addendum
. Identification .195 .195
= 1 Combined tooth . 264 276
B thickness range of 25 274 . 283
3 frgs. from 63 pc. pre-
k ; production forge lot
5 Total variation of lot L010 . 007
#4 Casting . 269 . 277
. (from finishing die .271 . 280
3 after forging 96 pes. ) .270 281
Avg, .270 219
. Variation .002 . 004
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Add,
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F.girg N, RE I .235 TR 235 L 040 . 235
3. ECRR P L3R . 23¢ . 119 <302
» ! . 293 .37 2299 1L L5 .37
N Y 299551 .301
BT L .36 L 29K L1500 . 299
R N EE A € X . 29% <101 3
LA5T 2293 Ll59 L3 150 302
« 15M 293 Y Y o 149 S R
a5y . 292 . 437 . 20 . 149 300
.15 .293 »437 1 .299 . 1AL . 299
<13 L2934 L1361 L3038 . 147 . 299
L3108 . 294 . 157 .302 . 151 . 303
Lidn J295 L1584 302 450 <304
Y . 296 159 $ 302 . 151 <303
. 159 . 293 .15¢ . 303 . 150 T
. 158 . 294 Li57 L300 . 149 <301
Avg. .158 .293 J157 « 309 « 150 <301
Variation . 003 . 006 .03 . 005 LDud )
5-4 .156 . 291 .157 .298 .10 R}
.156 .293 .157 .298 153 B
. 157 . 294 1567 .299 o 155 S
Avg. .i56 .293 . 157 . 298 .151 .30
Variatior 001 .03 <00 . U L1052 R
5-10 .157 .292 <158 301 i3 c3e
.159 . 290 . 157 . 299 X <390
155 2293 . 158 300 A5G 3!
Avg, . 165 . 292 . 168 . 300 154 IV
Variation . D02 . 003 .91 Lo S N AN
5-29 e 15% 290 . 13% < 29% 59 .29
. 158 . 288 . 157 o 20 i34 BRI
. i3% . 286 . 156 L2970 el RRER]
.156 o257 . 156 « 235 . 433 AR
; . 157 .290 157 .« 296 . 154 .299
5 .158 . 290 . 156 <296 .i54 RKICH
5 . .153 . 299 . 157 . 297 . 153 L300
/ ;
: ‘{ 49
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Table IX - continued
3 Preproduction Pinion Tooth Thickness As-Forged

; Toe {Inches) Center (Inches) Heel (Inches)
Add. Add. Add. Add. Add, Add.
Forging No, L0460 . 235 . 040 .235 . 040 .235
5-29 . 158 . 290 . 158 . 295 . 155 ,300
con't . 159 . 287 . 158 . 296 . 154 . 300
. 158 .289 . 159 . 295 . 155 . 2908
. 159 . 290 . 158 . 296 . 165 297
. 160 . 291 . 1569 . 296 . 155 . 297
. 160 .290 . 160 . 297 . 155 . 297
. 159 . 292 . 158 . 208 . 155 .300
L1587 . 290 . 167 . 296 .154 . 298
Avg, . 158 ., 289 . 158 . 296 . 154 .299
Variation . 004 . 006 . 004 ,003 . 002 . 003
5-56 . 157 . 288 . 1567 . 294 . 155 . 285
. 155 . 287 . 157 . 293 . 156 297
. 165 . 289 . 158 , 292 2165 . 296
Avg. . 156 .288 . 187 . 293 . 165 . 296
Variation . 002 . 002 . 001 . 002 . 001 . 002
5-60 . 158 . 290 . 158 .291 . 155 . 293
. 157 . 290 . 157 .290 . 156 . 290
. 158 . 289 . 158 .291 . 156 . 292
. 157 .290 » 167 .291 . 154 . 293
« 167 . 290 . 187 294 . 155 , 293
157 . 290 . 157 L4805 .156 .294
. 158 .289 . 1587 . 293 . 156 .294
. 158 .289 157 .293 . 156 . 295
. 158 . 290 .158 . 293 . 158 . 297
. 158 . 289 . 158 . 292 , 155 . 297
. 1569 . 288 . 153 .293 « 157 . 296
.159 .288 . 159 .293 157 . 298
. 160 . 290 . 159 . 293 . 167 . 296
. 180 . 289 . 1569 . 293 . 157 . 297
. 158 . 288 . 1568 . 292 <156 - 294
Avg, . 158 . 289 . 158 292 . 156 . 295
Variation . 003 . 002 . 002 .004 . 003 . 008
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Prepr ductewm Ponoa T th Thickress As Fouged

i T ¢ .n.hes’ Certerr oon he st Heeo inches’

% Add. Add. Ada. Ad L. Audd. Add,

; Forging N, N <23 AR NSRS REER 2

1 ) Average fur o Lt Rang:

’ SIX pltv e

| samp ot 155 |k 156 L) 117 2%
s b —— ——

{ o .16 296 160 Y S 3

1 from 53 pe.

F% prepr «dur- L.t Vaitate n

] ti m iorgin

: uoging RS LUl .03 . hd L A

- run e e - .

E% N minai 134 . 265 . 133 . 279 L 4% NRAE

3 Finished

:; Gear ThHoth

3 Thickness {

3

P

5 Ef{ectrode 120th thickness at tw . - ~cati ms, « “rrected [ spack gap, pr »ided

reterence dimensic ns to o mpare and determine the» #hicaby if the 1orged

tn .th s1ze {thickness! was equivatent 1o a generated <t to th (surtab < {or lna
grinding). As an example, the two pmion electyode retetences orom Tabse VI
were , 272" and . 278" at the t.¢ and he: s ications, respectne v, When

rected for spark gap became , 276" and . 252", winch ¢ v o Lales gquite @ Sey

3 wiih the two die cavity casts (. 273" . 276" and , 231", . 233", ' gencta, the
F pinton forging measurements comparad fave rabiy with the abne o teronees,
indicating a dimensionally satistactory forged . . wah ¢ ga-dr to 1h
thic kn:-88,

5

i The maximum variat.on that ~ccurted in the ¢ ombined t 1h measurements |

?% ali gears and pinions inspected was . 179" ana . 013", 1 3ee 1 o0 The mant-
ﬁ mum tocth thickness cariati n £ .0 arcindsvwduat £rg g was . v~y with o0t
g max.mum bemng representatr ¢ t - the maj 1y 1 osbv dua & giags ssp cled,
i The pintow sverage t oth thickress data fr m Tabes v 7w X ar- graphic anry
pg presented 1n F.gui 29, which st ws the ¢ifect 140 uSag- nthe 1o 9u tant

rf forged Gooth thockness, It we s be noted that the o o age 18 1 g o theckae 88 at
Jf the large addenduny | cat n8de  caSed appr s mot- 0D V7" e m o the

kA

beginning t the end { the t ging tun, whereast appe 'ah o henge o
curred at the . )49 adaendum * cate ., TheSe gata 11 e ate the pr gr-gsiie

e B gt B
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Figure 20. Effect of Die Usage on ~inion Tooth Thicknees

52

mesabn el 1 48 it 77

a0 % s A e HART

oo v

A i A LAAeAd Wb s bbb T R R0 PUD




it A

R L8 Kt La'ak Sk 1 et 2

T s

(lntoshi s DT

i s

Lo s g ons

odifahonniinsoli 4

PP

Y
s o

43

o §ouda s tnliy

AN,
L vt A

)

’
IR SO

PP 5 o b 4
it A BNt p g

gy Y
© e v v WY TR L A TR K m-mwmmww‘"t""’“’” St nm"

Mot S 23 Prenaen w4

mode of up-get deformatisn that ~courred to the aie tr.th profiie and i8
itlusirated schematically in Figure 21.

Forged t~oth thickne3s data provide only an indicat:on that a tooth has been
correctly produced. In wrder to determine the am. unt and distribution of the
excess material »n each t.uth face, it was necegsary ts progressiveiy grind
{per appiicable gpirai beve! scheduies’ in kn .wn incremental steps and maintain
a topographical rec.rd of the am -unt and Incatr m of the stock rem~ved. A par-
tial series of these rec rdinge is shown in Figure 22,

This evaiuati~n was performed 1or twe conditions; ¢1; as-f)rged and ¢2) carbur -
ized and hardened. In the pruductior f cunventicnany machined spiral beve,
gears, a spiral angie adjustment during the carburizing and hardening cycie
makes it necessary to bias the spirai bevel gea~ generator to compensate f.-r
the heat treating distortion, The el=ctiades fo1 the spira: bevel dies were
machined 1o this biased setting; but it was nnt known whether or aor the preci-
gion forged spirai geometry would react to the same degree as the convention-
ally manufactured gears. The grind stock conditions (Table X indicated that
the spiral angle of the precision torged gear dues tend to adjust 1n a manner
similar to that of a cut and heat treated gear, however, considerably more
evaluation data would be required to establish the cuantitative simitarity of the
spiral unwind. The average total amcount of stock that had to be removed fo
obtain finish grind size varied from a minimum of . 016"/, 022" to a maximum

of . 029"/, 034" for the two as-forged gears, and .016" minimum to . 026" maxi-
mum for the heat treated gear.

A six piece sample iot of preproduction ferged piniong were carburized, heat
treated and ground fov stock removal evaluation, Due tc an electrode machin-
ing error that caused a shallow tuoth root t be produced in the { rging. the
evaluation was Jimited to a clean-up grind of buth tosth faces, the resuits - f
which are graphically presented in Figure 23.

Metallurgicel Evaluation

Metallurgical surveiliance f the forging process was maintained throughout the
development program, inc!uding examinati~n arnd tests of representative sam-

ples for forging quality and flow characteristics. Al {-rged pieces were nun-
destructively tested and indicatiuns were evaluated f r thetr nature and extent,
No major forging flaws wete encountered. Macr) etch preparation and exam-

inations were made f secti ned forgings and t- th elements (Figures 24 t« 27°,
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Table X i
Grind Stoo> Removsl Data %
(44 rooth Gear)
Toe {Inches) Center (Inches) Heel (Inches)
Add. Acd. Add, Add. Add. Add,
Identification . 060 . 225 . 060 2.3 . 060 .225
E Trg. 2-2 . 019 . 026 . 018 ,019 . 015 . 015 3
(as-forged) . 022 . 029 .021 . 020 . 018 . 016 i
,- . 026 . 032 1 » 02}. '] 019 3 621 ] 616 g
3 022 | .028 | .018 (.021 | .018 | .018 ;
3 Avg, 022 | .029 | .09 | .020 | .oi8 | .oie !
3 Variation . 067 . 008 +u05 .02 . 006 .003 |
3 Frg. 2-6 021 | .05z ! .o2s |.o2¢ | .01 | .o28 g
E (”"forg“) . 031 . 082 . 024 . 029 . 023 ) 021 i
: .025 . 087 . 028 . 027 . 024 . 024 H
e % 0 024 » 033 * 025 - 027 . 020 . 625
Variation .004 . 005 . 005 . 004 . 003 .004
Frg. 204 028 | .024 | .o28 | .o22 | .o16 | .o18
(carburized . 025 . 027 . 018 . 022 .014 014
& hardened) . 026 . 027 . 019 . 025 . 018 . 020
5 .027 | 028 .024 027 . 016 .023
L Avg. . 025 . 028 . 021 , 024 . 016 R
Variation . 004 .008 008 | .005 . 004 .009

- - e e - —- - B U U U U P
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The resurts Jblumed sndicate that a typical up-set type flow pattern ie produced
1 the hub ahich extenced radially into the tooth section wurh a restrictive densi~
fication efiect being pro<luced around the tooth root and flank as the metal flow
fiiled the section and progrossed longiudinally towards the flash area, The
extrvemely tine flow patiern characterisucs of the tooth section as compared to
that of the adjoinmg huk sectiun, indicates that a very high order of metal flow

and reduction reiinement is produced in the t30th elements in conjunction with
the development i the preferential flow,

Decarburization and grain size tesis of the billet, preform and finish forged
material indicatod kst the fnrging conditions, heating and processing d«d not
appreciably alter the surface carbon compuosition or grain size except for a
slight increase m the tooth section, as evidenced by the following test results:

Grain Size Parifal Decarb.
Billet { AMS 6265)
Outride: 5-6 0. 006"
{Occasional 3)
Centex: 6-7
Preform Yorging (AMS 6265)
Taper avea € 0. 004"
{Occasional 4)
Finiza #orging (AMS 6265)
Terith: 3-6 6. 008"
Center: 6-7

The gran size photomicrogrephe of the billet and finiash forging are shown in
Figure &8,

£ summary of the program results shows that:

&. Diz sets for forging the spiral bevel gear sets were designed,

manufactured and redegigns incorporated as necessary,

Developmental forging procedures were established for the spiral
bevel gear set and pirion preproduction,
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¢. Gross dimensional deformation of the block and finish die cavities
and finish die cavities occurred throughout all phases of the develop-
ment forging and the pinion preproduction forge run,

d. Dimensional and stock removal evaluations of the forgings indicated
that:

1, The 0.0:25"/" shrink allowance factor was correet for high
velocity forge die design usage.

2, Maxivium variation of tooth thickness of individual forgings
ranged {rom 0, 002" to 0, 008",

3. Variation of tooth thickness of a combined forge lot was 0, 014"
maximum,

4, TForged tooth thic’mess was in excess of the pregrind thickness
Ly 0.006" to 0, 024",

The net effect of the forged tocth ingpection results was that the finish die
cavities would require rework to reduce ihe forged tooth thickness and provide
a uniform distribution cf the grind stock material, The required corrections
to the die would normally be obtuined by an appropriate adjustment to the elec-
trode tooth geometry and the in-feed helix lead of the EDM guide fixture.
However, in view of the demonstrated grose dimensional instability condition
of the die cavities and the unknown quantitative effect it may have had on the
tooth dimensinnal data, further rework of the dies to obtain a minor dimen-
sional adjustment was considered inappropriatz.

Die Deformation

The large amount of tooth deformation experienced in the forgings can be attri-
buted to two cauges:

a, The spiral tooth geometry, especizaily in conjunction with the small

cune angle of the pinion causes intolerably large forces on the tooth
pari of the forging die,

bB. The deleterious tempering effect caused by excessive dwell time of
the hot forged part in the dle cavity, In stbsequent meetings with
several forging experts, it was generally axreed that one second was
the raxdmum time the forging couid be in jatixeats contact with the
die material without harmful :-fects,




1,

4,

CONCLUSIONS

Forged spiral bevel gears with intsgral sceth can be produced by the high
velocity pneumatie~mechanical closed die forge method in limited quanti~
ties before excessive die deformation occurs, having the following
characteristics:

a. Development of preferential forging flow in the aub and tooth
elements.

b, Max:mum tooth thickness variation of . 008" for individual forgings
and , 14" for a forge lot.

The cvrrent "siate-of-the-art' technology for high velocity forge die
design and die material combinations 8 not adequate for production forging
spiral bevel gears to pre-grind woth thiclness requirements. Program
resultz indicate that further development of high velocity forge die design,
material and harcnesz combinations are mandatory.

1t is coticluded that the methods, forge procedures and dies that were
developed aud utilized for the performanoce of this program are, in fact,
adequate for producing spiral bevel goars, with integrally forged oversize
:eeth, for finish processing with & Tight profile development- grind heat
treating and firish grinding te size,

Excessive deformatious of the dies occurred as the results of various con-
ditions described ir the body of the repoxt. In zddition to the development
of die design to suit individual requirements, it is concluded that regard~
less of the bagic design and the development of metallurgical properties of
a high-velocity forging die-set, one additional requirement must be met.
An ejecticn device must be past of the die-set, The finished forging and
the die must not be allowed to remain in intimate contact (after the forging
has been producad) for a period of ime cetimated to be in the rogion of
one second in order to uvold deletericus softening of the die surfaces.
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RECOMMENDATIONS

It is recommended that further deveiepment effort should be made regarding

the design, material selection and heat treatment of the forging die sets, This
should be done in order to achicive the required dimensional accuracy of spiral
bevel gear forgings whose integrally forged teeth could be held to pre-grind
tolerances,

65




AT T AT WIW
’ "

APPENDIX 1

ENGINEERING DRAWINGS FOR
SPIRAL BEVEL GEAR SET
USED FOR PROGRAM
DEVELOPMENT
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AFPPENDIX 11

ANALYSIS OF THE SHRINKAGE CHABACTERISTICS OF
FORGED SPIRAL BEVEL GEARS

Since homogeneous isotropic material is assumed, the shrinkage of gears irem
the as forged condition can be considered as a thermo~expansion problem. Con-~
gider a solid body subjected to a temperature changz A T throughout. Imagine
that this body is held to the same form and volume. Now 3 compressive stress
of ATxE/ (1—21;)1 must be applied on the boundary of the body so the elastic
strain would cancel the thermal strain. Ir the actual body, there is no such
compressive siress spplied on the boundary, so this stress must be relaxed by
applying an equal and opposite stress on the boundary. This applied streas has
the same effect as the identical body subjected to a negative hydrostatic pres-
sure. This enables the calculation of strain distribution of a body with knowr.
temperature change throughout by calculating the strain distribution of an iden-
tical body with no temperature change but with the equivalent surface force
(Rei. 1),

Investigating the shrinkage characteristics of the forged gears by this approach
shows that shrinkage is uniform aud predictable and that no distortion can be
expecved other than normal shrinkage due tc thermal gradients. Hence the die
geometry can be developed from the t'.: oretical gear geometry by applying only
the normal shrinkage values for the foxging temperature to all dimensions.

1. Roark - Formulas for stress and strain, 3rd Edition P. 335 3.
"A solid body of any form is subjected to a temperature change AT
throughout, while held to the same form and volume. The resulting
stress is AToE/ (1-2v} compression,
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